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The thermoelectric properties in one- and two-dimensional silicon and germanium structures
have been investigated using first-principle density functional techniques and linear response for
the thermal and electrical transport. We have considered here the two-dimensional silicene and
germanene, together with nano-ribbons of different widths. For the nano-ribbons, we have also
investigated the possibility of nano-structuring these systems by mixing silicon and germanium. We
found that the figure of merit at room temperature of these systems is remarkably high, up to 2.5.
PACS numbers: 73.50.Lw,63.22.-m,73.50.-h
I. INTRODUCTION
Thermoelectric energy conversion is the ability of a
device to convert a steady temperature gradient into an
electrical current, and it was firstly discovered by See-
beck in 1821.1–3 In a reverse mode operation, a thermo-
electric device can be used as a cooler by maintaining a
steady current in the device (Peltier effect).1–3 Recently,
the quest for a highly efficient thermoelectric device has
attracted tremendous interests due to significant poten-
tial industrial applications.1–5 The efficiency of the ther-
moelectric conversion is characterized by a dimensionless
parameter, called figure of merit
ZT =
σS2T
κ
, (1)
where σ is the electric conductance, S is the Seebeck co-
efficient, T is the absolute temperature, κ = κe + κp is
the total thermal conductance that is usually splits into
the electron and phonon contributions, respectively.1–3
Generally speaking, materials with ZT ≈ 1 are regarded
as good thermoelectric components, while devices with
a ZT approaching to or larger than 3 could efficiently
compete with conventional energy conversion techniques.
State of the art values for the figure of merit are about 1,
while higher values have been reported in the literature
for particular materials which, however, have presently
proven difficult to integrate into our technologies or to
produce industrially in a reliable way, or whose cost
makes them unaffordable at large scale.6 Admittedly, the
optimization of the figure of merit is a difficult problem.
Indeed, an ideal thermoelectric material should hold the
electric conductance and the Seebeck coefficient as high
as possible, while keeping the thermal conductance as low
as possible. Unfortunately, because of the Wiedemann-
Franz law κe/σ = (kBpi)
2T/3e2 (valid in a great extent
for metals), where kB and e are, respectively, the Boltz-
mann constant and carrier charge,7 the two conductances
are locked together and increasing the first leads to an
increase in the second. It therefore looked natural to at-
tempt to decrease the phonon thermal conductance since
this will hopefully not (strongly) affect the electronic
properties, although the maximum ZT achieved so far
makes these devices not commercially viable.
After the seminal work by Hicks and Dresselhaus,8
a strong research activity has been focused on nano-
structured materials for thermoelectric applications.
This boost can easily be explained as an attempt to es-
cape from the Wiedemann-Franz law while dramatically
increasing the electronic density of states.9,10 With the
discovery of graphene,11 and the subsequent investiga-
tion of its properties, it became apparent that graphene
is not an efficient thermoelectric material since its ther-
mal conductance is extremely high.12–14 On the other
hand, it has been shown that nano-structuring graphene
with boron-nitride in a nano-ribbon increased the over-
all figure of merit by a factor 20.15 Notwithstanding its
phenomenal properties, the integration of graphene with
the actual silicon-based technologies has proven a quite
challenging task, whose solution would probably require
the complete redesign of electronics devices. As our
present technology is based on silicon (Si) and germa-
nium (Ge) semiconductors, it thus appears natural to
look at the thermoelectric properties of these materials,
since the integration of a thermoelectric device based on
them would be simpler than the integration of carbon-
based devices. For example, in silicon nano-wires, the
thermal conductance can be reduced in a factor of 100
due to the quenching of phonon transport and they ex-
hibit a high thermoelectric conversion ratio.16 This sug-
gests a prospective avenue to improve the thermoelectric
performance through decreasing the characteristic size of
materials and various nano-structures such as nano-tubes
and nano-membranes can be proposed.
Silicene resembles graphene17–21 in the atomic single
layer arrangements, i.e., it forms a honeycomb lattice and
shares with the carbon system similar electronic proper-
ties. In particular, it is viewed as new type of atomic-
layered materials with outstanding properties such as
the zero effective mass at the Dirac-point and infrared
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2absorbance optical spectra.22–24 Experimentally, single
layer silicene (buckled)25–36 and silicene nano-ribbons
(SiNRs)25,27 have been synthesized on Ag substrate. In
particular, SiNRs up to a narrow width of 1.6 nm have
been produced, aligned parallel to each other in a well-
distributed way.25 From the experience gained with the
current micro-electronics, we know that Ge is a good
partner for Si since they share similar electronic prop-
erties and form bulk crystal with comparable lattice con-
stant (aSi = 0.5431 nm, while aGe = 0.5658 nm, with a
lattice mismatch of 4%). The elastic limit is around 7%.
In the case of InAs, for instance, only one monolayer can
be grown on GaAs.37 A single layer hexagonal lattice of
Ge, called germanene, has been predicted from an ab-
initio calculations.22 Theoretically, germanene presents a
Dirac point, and the electronic and structural properties
of this material would be very similar to those of silicene.
We will discuss some of them in more detail in the fol-
lowing. In particular, we will consider germanene nano-
ribbons (GeNRs) of different widths and the possibility
of forming Si-Ge single atomic layered nano-ribbons by
alternating stripes of Si with stripes of Ge.
In this paper, we investigate with ab-initio technique
combined with linear response approach the thermoelec-
tric properties of both two-dimensional (2D) silicene and
germanene nano-sheets and one-dimensional (1D) nano-
ribbons. We find that some of these systems will show a
figure of merit larger than 1 at room temperature (with a
maximum value of 2.18). Our results are consistent with
those obtained by Pan et al.38, although they are based
on different techniques especially for the calculations of
the phonon thermal conductance. We believe that this
agreement is partially fortuitous, as we will discuss in the
following.
The paper is organized as follows. In Sec. II we will
discuss in details the numerical and theoretical methods
we used to investigate the Si and Ge systems. In Sec.
III, we introduce the 2D systems, silicene and germanene,
study their stability and investigate their transport prop-
erties. In Sec. IV, we investigate the 1D nano-ribbons.
In this section we focus mostly on the Ge system, since
the SiNRs have been investigated elsewhere, and from
our calculations, Si and Ge nano-ribbons do share es-
sentially some same properties. We find that the nano-
ribbons can have a quite large figure of merit. This is
due to the fact that both Si and Ge nano-ribbons do
have a finite electronic gap that dramatically enhances
the Seebeck coefficient. In Sec. V, we consider nano-
ribbons created by alternating stripes of Si and Ge. By
nano-structuring the nano-ribbons we would like to con-
fine the phonons and therefore decrease the thermal con-
ductance. However, we report that the SiGeNRs do show
some the same transport properties of the pure Si or pure
Ge nano-ribbons. This is due to the limitations of our
method of choice, namely a full ab-initio study for the
phonon energy transport. Indeed, within this technique
we are limited to fairly small nano-ribbons and there-
fore the long-wavelength phonons are not quenched by
the regular pattern of the structured nano-ribbons. On
the other hand, a classical technique, based on molec-
ular dynamics, would allow us to calculate the thermal
conductance of larger devices. However, this technique
does not recover the correct quantum limit of these one-
dimensional systems, and therefore we do expect that the
molecular dynamics results to give the incorrect thermal
conductance at temperature below the Debye tempera-
ture, which for Si and Ge systems can be estimated to
be about 640 K and 374 K, respectively. We check the
idea that nano-structuring would decrease the phonon
thermal conductance by using a tight-binding approxima-
tion, which allows us to consider larger super-cell than a
purely ab-initio method. We indeed show that the ther-
mal conductance does strongly decrease when we con-
sider a hetero-structure of Si and Ge. Finally, in Sec. VI
we draw our conclusions and some outlooks of this work.
II. METHOD
In linear response theory, by using the Onsager’s rela-
tions and the Landauer’s theory of quantum transport,
the electrical conductance σ, the Seebeck coefficient S,
and the electron contributed thermal conductance κe,
can be written as2,3,39
σαβ(µ, T ) = e
2L00(µ, T ), (2)
Sαβ(µ, T ) =
1
eT
L01(µ, T )
L00(µ, T )
, (3)
κe,αβ(µ, T ) =
1
T
[
L11(µ, T ) +
L01(µ, T )
2
L00(µ, T )
]
, (4)
where
Lmn(µ, T ) = − 1
A
∫ ∞
−∞
d Te,αβ()(− µ)m+n ∂f(, µ, T )
∂
(5)
is the Lorenz integral. In these equations, µ is the chem-
ical potential, A is the area of the considered system,
α and β are the indices of the spatial components, x, y
and z, f(, µ, T ) is the Fermi distribution function at a
given temperature T , and Te is a transmission function
which is related to the probability of electrons to cross
the system.40,41 Similarly, the phonon thermal conduc-
tance is given by42
κp,αβ(T ) =
1
A
∫ ∞
0
dω Tp,αβ(ω)h¯ω ∂n(ω, T )
∂T
, (6)
where ω is the phonon-vibrational frequency, h¯ is the re-
duced Planck-constant, and n(ω, T ) is the Bose-Einstein
distribution function. Again, Tp is a transmission func-
tion for phonons. A common expression of the electron
and phonon transmission functions can be given in terms
of the electron and phonon band structures, respectively,
Te/p,αβ(E) = 1
N
∑
i,k
τe/p,i,kυα(i,k)υβ(i,k)De/p(Ei,k),
(7)
3where N is the number of sampled k-point in the first
Brillouin-zone, i is the band index, τe/p is the relaxation
time of electrons/phonons, υ is the velocity calculated
from the band dispersion, and De/p(Ei,k) is the elec-
tron/phonon density of states associated with the band
i.
To obtain the energy band structure, we perform first-
principle calculations within the local density approxi-
mation by using the projector-augmented wave poten-
tials as implemented in VASP.43 The exchange correla-
tion energy is chosen in the form of Ceperley-Alder which
has been parameterized by Perdew and Zunger.44,45 For
the self-consistent potential and the total energy calcu-
lations, the k-points of the Brillouin-zone in the recip-
rocal space are sampled by a (25×1×1) Monkhorst-Pack
grids. The kinetic energy cut-off is set to 500 eV. After
ionic relaxation, the Hellmann-Feynman forces acting on
each atom are less than 0.01 eV/A˚. We obtain the force
constant matrix for the calculation of the phonon disper-
sion, through the small displacement method.46 We use
a supercell technique with a 15 A˚ of vacuum. In these
calculations we have neglected both the phonon-phonon
and the electron-phonon interactions. We expect that for
the low energy phonons, mostly responsible for the ther-
mal transport, the correction due to these interactions to
be small, especially for the Seebeck coefficient.
In the following, we will consider both the figure of
merit of Eq. (1) and the electronic figure of merit ZTe,
defined as
ZTe =
S2σ
κe
T. (8)
Then Eq. (1) can be rewritten as
ZT =
S2σ
κp + κe
T =
S2σ
κe
T
(
1
1 + κp/κe
)
=
ZTe
1 + κp/κe
.
(9)
Although ZTe is not a physical measurable quantity, it
is useful because it provides an upper bound to the total
figure of merit, and since it does not include the phonon
thermal contribution is easier to calculate. A small ZTe
will therefore imply a small figure of merit ZT .
III. TWO-DIMENSIONAL SILICON AND
GERMANIUM CRYSTALS
We first investigate the electronic properties of a single-
layer of silicon, i.e., silicene. In trying to closely repro-
duce the experimental setup,29,32,33 we put one-layer of
3×3 silicene on top of five-layers of 4×4 Ag(111): ac-
cording to experimental evidence, the two lattices should
match, thus decreasing the total stress at the boundary
and creating an ideal supercell for our calculations. The
geometrical structure for silicene obtained after the full
relaxation is shown in Fig. 1(a) and corresponds to the
structure discussed in Ref. 36. We have superimposed
the Ag(111) layer to show the excellent structural match-
ing, as highlighted by the boundary continuous (red) line.
Figure 1(b) shows the silicene obtained by removing the
silver substrate in Fig. 1(a). Contrary to graphene, sil-
icene is not a strict two-dimensional system, in the sense
that the atoms in silicene are arranged on two atomic lay-
ers with a fairly small buckling distance, which depends
on the presence of the substrate. Indeed, it is found that
the atomic arrangement is further distorted by the metal-
lic substrate.36 Starting from a single layer of silicon, ar-
ranged in a plane on an hexagonal lattice without the
Ag substrate, we would have obtained a system with a
different buckling, where the atoms would divide equally
between the upper and lower plane. In our optimized
structure however, we observe that the silicene presents
buckling forming two atomic layers with six atoms on top
of the other twelve atoms which are therefore closer to
the Ag surface. The buckling distance between these two
layers is about 0.79 A˚. In Fig. 1(c) the electronic en-
ergy band for the distorted silicene is plotted along the
high-symmetry points of the first Brillouin-zone, where
the dotted line indicates the Fermi energy that we set
for convenience at 0. It can be seen that a band gap
about 0.3 eV crosses the Fermi energy, indicating semi-
conducting properties of the system. This must be com-
pared with the flat silicene (unoptimized structure) and
the silicene optimized without the Ag substrate, which
both present a Dirac point at the K point of the first
Brillouin-zone, therefore both showing metallic proper-
ties (see Fig. 3). A detailed discussion of the electronic
structure of supported silicene can be found in Ref. 36.
Germanene is an analog of silicene, where the silicon
atoms are replaced by germanium. Although, to the best
of our knowledge, up to now there is no direct experimen-
tal observation of these structures, here we study the elec-
tronic properties of two-dimensional germanene. Figure
1(d) shows the atomic structure of one-layer 3×3 ger-
manene on top of five-layers 4×4 Ag(111), and Fig. 1(e)
shows the unsupported single-layer germanene by remov-
ing the silver substrate. The structure has been fully re-
laxed. It is found from Fig. 1(e) that similar to silicene,
two layers are formed with six Ge atoms on the top layer
and the other twelve Ge atoms on the bottom layer closer
to the Ag surface. The buckling distance between the
two layers is about 1.42 A˚. Figure 1(f) shows the band
structure of the distorted germanene without the Ag sub-
strate. It is found that there is no gap through the Fermi
energy, indicating metallic properties. The zero gap ob-
served in germanene originates from the high-buckling
distance between the two atomic layers.
Based on the energy bands, we calculate the thermo-
electric coefficients of the two-dimensional silicene and
germanene structures at room temperature, T = 300 K.
To perform the calculation of the figure of merit we have
evaluated the transport coefficients given in Eqs. (2)-(4)
in the constant relaxation time approximation. We have
used the BoltzTraP code47 to perform the integration in
the first Brillouin-zone obtained from the VASP calcula-
4FIG. 1. (Color online) Geometrical structures of one-layer
3×3 (a) silicene and (d) germanene on top of five-layers 4×4
Ag(111). (b) and (e) Distorted silicene and germanene ob-
tained by removing the silver substrate from (a) and (d), re-
spectively. (c) and (f) Electronic energy bands corresponding
to the distorted silicene and germanene grown on Ag(111),
respectively, where the dotted line denotes the Fermi energy.
tions. As we discussed in the introduction, we provide an
upper bound to ZT , in the form of the electronic figure of
merit ZTe. We notice that the electronic figure of merit
ZTe is independent of the relaxation time, thus justifying
the use of the BoltzTraP. Figures 2(a) and (b) show the
dimensionless electronic figure of merit, ZTe as a function
of the chemical potential µ for the distorted silicene and
germanene, respectively. It can be seen that the figure
of merit for silicene exhibits two peaks in the left- and
right-hand sides of µ = 0, which separately correspond
to the hole and electron transport. The maximum of the
peak is about ZTe = 0.81, while for the unsupported ger-
manene, it can be seen from Fig. 2(b) that the peak of
ZTe is very small at µ = 0, although some peaks appear
at ∼ ±0.3 eV. The reason is that the unsupported ger-
manene has a metallic character which leads to a very
small Seebeck coefficient.
In Fig. 3 we show the electronic properties of free
standing silicene and germanene. After the full relax-
ation, it is found that the buckling distance for silicene
is about 0.43 A˚, and for germanene 0.65 A˚. For both the
free standing silicene and germanene, from Figs. 3(a)
and (b) it can be seen that there is no gap at the Fermi
energy. Indeed, at the high symmetry point K, a lin-
ear energy dispersion is shown in the band structures,
indicating the existence of the massless Dirac fermions
in these low dimensional Si structures22 similar to the
graphene.17
Through the energy band structure calculations, in
0.25
μ (eV)μ (eV)
FIG. 2. (a) and (b) Dimensionless electronic figure of merit
ZTe at room temperature as a function of chemical potential
µ corresponding to the unsupported distorted silicene and ger-
manene, respectively.
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FIG. 3. Electron energy bands of free standing (a) silicene and
(b) germanene, respectively, where the dotted line denotes the
Fermi energy.
Fig. 4 we investigate the dimensionless electronic fig-
ure of merit ZTe for both free standing silicene and ger-
manene. It is found that the figure of merit for silicene
and germanene shows two peaks near µ = 0. The maxi-
mum value of ZTe is 0.36 (see Fig. 4(a)), while the max-
imum of the peak for germanene is 0.41 (see Fig. 4(b)).
0.4
μ (eV)
11
μ (eV)
2
FIG. 4. (a) and (b) Dimensionless electronic figure of merit
ZTe at room temperature as a function of chemical potential
µ for the free standing silicene and germanene, respectively.
We have shown that silicene and germanene, crystal
structures similar to graphene where carbon is replaced
by either silicon or germanium, might possibly have a
figure of merit of the order of 1. Our calculations provide
an upper limit to the theoretical figure of merit since
in these calculations we are not including the phonon
5thermal conductance and suggest that silicene might have
a better thermoelectric properties in this 2D system since
it does present a gap in the electronic energy spectrum
which corresponds to a large Seebeck coefficient.
IV. QUASI-ONE-DIMENSIONAL
NANO-STRUCTURES
We now consider quasi-one-dimensional systems, nano-
ribbons, made of stripes of germanene or silicene of fi-
nite width. We assume that it is possible to cut those
stripes from the respective crystal by removing the ex-
cess material. It has been reported that SiNRs can have
a quite large figure of merit, up to 5 at 600 K.38 Moti-
vated by these results, and by the expectation than ger-
manene nano-ribbons might perform better since their
Debye temperature is lower, we have investigated the
thermoelectric efficiency of GeNRs and, in the next ses-
sion, nano-ribbons obtained by alternating Si and Ge
nano-structures or by randomising the Si and Ge arrange-
ments. As standard with nano-ribbons, there are two
ways to terminate the edges of the ribbons (see Fig. 5),
forming either zigzag or armchair edges. We identify the
quantities associated with the zigzag with a Z and those
of the armchair with a A. As to these one-dimensional
systems, the electrical conductance σ, Seebeck coefficient
S, and thermal conductance could be contracted into a
scalar instead of a tensor, and the α and β are fixed in the
x direction (see details in Ref. 15). Therefore in this case
we can calculate the electron and phonon transmissions
Te/p by counting the number of transport modes from the
energy band. This gives the same results by comparing
them with the constant relaxation time approximation in
Eq. (7) except by an amplitude factor difference.
A. Germanene nano-ribbons
Figures 5(a) and (b) show the optimized structures
of zigzag- and armchair-edged GeNRs (Z-GeNRs and A-
GeNRs), respectively. To see more clearly the buckling,
we report here a side view of these structures. Hydro-
gen atoms are used to passivate the unsaturated bonds
of the Ge atoms at the edges. WZ and WA identify the
ribbon width. It can be seen from the top view that
GeNRs form hexagonal rings as the union of two sub-
lattices, but, at odds with what happens for graphene
nano-ribbons, atoms in these two sub-lattices do not be-
long to the same plane: in the vertical direction there
is some buckling, which is almost uniform for the atoms
at the edge or in the center. Our calculations give for
the Z-GeNRs a buckling distance of 0.62 A˚, while for
A-GeNRs give 0.66 A˚. For these nano-ribbons, our to-
tal energy calculations show that the anti-ferromagnetic
(AFM) state of Z-GeNRs is more stable than the ferro-
magnetic (FM) and non-magnetic (NM) states counter-
parts. This is in agreement with other calculations per-
formed for SiNRs38 and theoretical predictions originally
derived for graphene, which we expect to be valid for
these systems.48 However, the energy difference between
the different magnetic phases is small. This might be
important for device stability especially at temperatures
higher than 300 K. The bands of AFM and FM states are
shown in Figs. 5 (c) and (d), respectively, where the dot-
ted line corresponds to the Fermi energy. We can see that
AFM state exhibits a finite small gap: The bands for spin
up and down are degenerate and the gap is about 0.1 eV.
While for the FM state, it is found that spin up and down
are non-degenerate, producing metallic properties, and
similar properties are valid for the NM state (not shown).
In the case of A-GeNR, our calculations indicate that the
NM state is stable, indicating semiconducting properties
as shown in Fig. 5 (e). Because the metallic system pro-
duces bad thermoelectric properties (generally the ZT is
smaller than 0.1), in the rest part of this work, we will fo-
cus the attentions on the AFM state in the zigzag-edged
nano-ribbons and NM state in the armchair-edged nano-
ribbons. To confirm the structural stability of GeNRs,
we have calculated the phonon dispersion relations. In
Figs. 5 (f) and (g) we report the phonon dispersion rela-
tion for the nano-ribbons with width 6 for both Z-GeNR
and A-GeNR, i.e., WZ = WA = 6, respectively. It can be
seen that in the limit of ω → 0, there are four acoustic
phonon modes in the spectrum stemming from the lat-
tice symmetry. In particular, no negative phonon mode
is observed, which confirms that both the Z-GeNRs and
A-GeNRs passivated by hydrogen are structurally stable.
To calculate the figure of merit ZT , we begin with the
electron transport properties. Figures 6(a) and (b) show
the transmission coefficient Te as a function of the elec-
tron energy E for both Z-GeNRs and A-GeNRs, respec-
tively. It can be seen that Te exhibits a clear quantum
stepwise structure, due to opening and closing of elastic
transmission channels: notice that the jumps are quan-
tized and equal to 2 due to the electron spin. More inter-
esting, a monotonously decreasing band gap is observed
in the Z-GeNRs with the increasing of the ribbon width
(see Fig. 6(c)). This must be compared with the oscilla-
tory behaviour we observe for the A-GeNRs (see Fig. 6
(d)). For the A-GeNRs, for the ribbon widths WA = 3p
and 3p+ 1 (where p is positive integer), the gap is larger
than that of the ribbon width WA = 3p+ 2. By making
use of the transmission probability, using Eqs. (2)-(3), we
can calculate the electrical conductance σ, Seebeck coef-
ficient S and electron contributed thermal conductance
κe. In Figs. 6 (e) and (f), the electrical conductance
as a function of chemical potential is plotted for both
Z-GeNRs and A-GeNRs, respectively. It can be seen
that the electrical conductance for zigzag nano-ribbons
gradually increases with the ribbon width, and there is
a peak corresponding the transmission step at E ≈ 0.5
eV. Around the Fermi energy, the conductance vanishes
due to the finite gap. For the A-GeNRs, we find that the
electrical conductance for the ribbon with width 3p or
6FIG. 5. (Color online) (a) and (b): Optimized geometrical
structures of Z-GeNRs and A-GeNRs and their lateral views.
For the atoms at the edges, we passivate the unsaturated
bonds with hydrogen atoms. WZ and WA denote the width
of the nano-ribbons for the zigzag and armchair terminated
nano-ribbons, respectively. (c) Electron energy band for Z-
GeNRs with WZ = 6 for the AFM state. Notice the presence
of a small electronic gap. (d) Electron energy band for Z-
GeNRs with WZ = 6 for the FM state. (e) Electron energy
band of A-GeNRs with WA = 6 corresponding to the NM
state. In (c), (d) and (e) the Fermi energy is chosen as the
reference energy and set to 0. (f) and (g): Phonon energy
dispersions for Z-GeNRs with WZ = 6 and A-GeNRs with
WA = 6, respectively.
3p+ 1 vanishes, while for the ribbon with width 3p+ 2, a
non-zero dip is found. Interestingly, the conductance for
all the curves of A-GeNRs exhibits quantized plateau-like
characteristics.
In Fig. 6 (g) and (h) we report the Seebeck coefficient
as a function of the chemical potential µ. It can be seen
from Fig. 6(g) that S presents two peaks around the po-
sition of the chemical potential needed to overcome the
gap. Moreover the two peaks show different sign with
positive and negative values. This behavior indicates the
different carrier transport: the positive sign in the re-
gion of µ < 0 corresponds to hole transport, while the
negative at µ > 0 corresponds to electron transport. In
addition the absolute value of the peak of the Seebeck
coefficient decreases with increasing WZ . In the case of
A-GeNRs, it is found (see Fig. 6 (h)) that for the nano-
ribbons with width 3p and 3p+1, the two Seebeck coeffi-
cient peaks with opposite sign can also be found centred
around zero value of the chemical potential. We note
that for the nano-ribbons with width 3p + 2, the See-
beck coefficient is very small due to the small electronic
gap. In Figs. 6 (i) and (j) the total thermal conductance
for Z-GeNRs and A-GeNRs is depicted, respectively. It
can be seen that the thermal conductance for Z-GeNRs
increases with increasing the width of the nano-ribbon.
By checking the variation of the electrical and thermal
conductances, σ and κ, it is found that corresponding to
the dip position of the electrical conductance, the elec-
tric thermal conductance (and therefore the total thermal
conductance) shows a peak which becomes sharper with
increasing WA. Moreover, a similar effect can also be
found in the A-GeNRs with width 3p + 2 as shown in
Fig. 6(j).
To study the lattice thermal transport properties, the
supercell approach is utilised to calculate the phonon
force constant and then the dispersion relation is ob-
tained by diagonalizing the corresponding dynamical
matrix.46 In Figs. 7 (a) and (b), the phonon thermal
conductance κp as a function of temperature T for both
Z-GeNRs and A-GeNRs is plotted, respectively. It can
be seen that the phonon thermal conductance increases
with increasing the temperature, and finally reaches a
constant value corresponding to the classical limit when
T > 400 K. Moreover the thermal conductance for wide
nano-ribbons exhibits a higher value than that of the
narrow nano-ribbons. This can simply be explained by
counting the number of phonon channels, because the
wide nano-ribbons should have more phonon channels
contributing to the thermal transport. To show the be-
haviour at low temperatures of the phonon thermal con-
ductance, in Fig. 7 (c), we plot the logarithm of κp versus
the logarithm of T . It can be seen that κp shows a lin-
ear dependence on the temperature at low T , T < 20
K. At low temperature, for the one-dimensional systems,
the lattice thermal conductance is dominated by the low-
frequency acoustic phonons, and the Eq. (4) can be recast
as
κp(T ) =
4k2BT
h
∫ ∞
0
dξ ξ2
eξ
(eξ − 1)2 =
2pik2BT
3h¯
, (10)
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FIG. 6. (Color online) (a) and (b) Electron transmission coefficient as a function of energy for Z-GeNRs and A-GeNRs with
various ribbon width, respectively. (c) and (d) Band gap of Z-GeNRs and A-GeNRs as a function of the ribbon width WZ and
WA, respectively. (e) and (f) Electrical conductance, (g) and (h) Seebeck coefficient, (i) and (j) electron and phonon thermal
conductances for Z-GeNRs and A-GeNRs versus chemical potential µ, where the temperature is set 300K.
where ξ = h¯ωkBT and we have approximated the trans-
mission probability Tp(ω) = 4 because of the sum rule.
According to this approximation, it can be seen that
the phonon thermal conductance exhibits a linear depen-
dence on T in quasi-one-dimensional systems.42
By combining the results of the electron and phonon
calculations, we can finally investigate the thermoelec-
tric efficiency of the GeNRs. Figures 8(a) and (b) report
the thermoelectric figure of merit ZT as a function of
the ribbon width for both Z-GeNRs and A-GeNRs, re-
spectively. Here ZT is the maximum value of the figure
of merit with respect to the chemical potential near the
Fermi energy. It can be seen from Fig. 8 (a) that at
narrow Z-GeNRs, ZT for electron and hole is about 0.35
and 0.61, and then it decreases with increasing the ribbon
width. This effect can be explained by the lessening of the
Seebeck coefficient and growing of the thermal conduc-
tance outweighing the increasing electrical conductance.
Moreover, we observe from Fig. 8(b) for the A-GeNRs,
that the ZT for both electron and hole transport coef-
ficients show an oscillatory behavior. In the case of the
nano-ribbons with width WA = 3p and 3p + 1, ZT is
larger than 1 for narrow nano-ribbons. In particular for
the ribbon width WA = 4, the ZT reaches up to 1.63,
indicating a high thermoelectric conversion efficiency in
these nano-structures.
Our results are consistent with what has been found for
SiNRs.38 However, we would like to point out that from
our calculations the phonon thermal conductance of the
small GeNR is never negligible with respect to the elec-
tron thermal conductance, as instead has been argued for
the SiNRs in Ref. 38. We believe this is an artefact of the
classical methods used in Ref. 38. Indeed, we expect that
the classical methods would not recover the linear behav-
ior with temperature of the phonon thermal conductance
at small temperatures of these quasi-one-dimensional sys-
tems in the ballistic thermal transport regime as we do in
our quantum simulations. Moreover, the classical calcu-
lations should be valid for temperatures larger than the
Debye temperature, that for these systems can be esti-
mated to be about 600 K for silicene nano-ribbons. At
the same time, the quantum technique does not include
any inelastic effect and it is strongly limited in size, i.e.,
we cannot consider a large supercell as instead is possible
with classical methods.38
B. Silicene nano-ribbons
For completeness, and to have a direct comparison with
the results available in the literature,38 we have calcu-
lated, the figure of merit of SiNRs, similar to the GeNRs
we have investigated in the previous section. Here we
report only the phonon thermal conductance and the fig-
ure of merit. The electron transport coefficients, σ, S,
and κe have shapes similar to those in Fig. 6 and we
do not show them again. We plot in Figs. 9 (a) and
(b), the phonon thermal conductance κp for both zigzag-
and armchair-edged SiNRs (Z-SiNRs and A-SiNRs) as a
function of temperature T , respectively. It is seen that
the phonon thermal conductance increases with the tem-
perature, and finally reaches a steady value. For the
zigzag nano-ribbons, the thermal conductance increases
gradually with the ribbon width due to the increase in
available phonon transport channels. As to the armchair
nano-ribbons, the thermal conductance is also increased
except for the ribbon width WA = 3, 4 whose values are
tightly close (see Fig. 9 (b)).
In Fig. 10 the figure of merit for SiNRs as a function
of ribbon width is shown. It can be seen that the figure
of merit for Z-SiNRs decreases with the increase of the
ribbon width. Moreover the ZT for the hole transport
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FIG. 7. (Color online) Phonon thermal conductance κp of
(a) Z-GeNRs and (b) A-GeNRs with different ribbon width
as a function of temperature. (c) The logarithm of κp for
A-GeNRs as a function of logarithm of T , where the linear
behavior is shown as we expect according to Eq. (10). Each
curve corresponding to a specified ribbon width has the same
meaning as in Fig. 6.
is larger than that contributed from the electron trans-
port. The reason is due to the increased phonon thermal
conductance and decreased electronic band gap. For the
armchair nano-ribbons, it is found from Fig. 10 (b) that
the figure of merit at narrow ribbon is quite large, about
1.04. With the increase of the ribbon width, the ZT
decreases overall and exhibits an oscillatory behavior.
WZ
WA
FIG. 8. (Color online) Figure of merit ZT at room tempera-
ture for (a) Z-GeNRs and (b) A-GeNRs as a function of rib-
bon width WZ and WA, respectively. In black (square hollow
points) we report the peak value of ZT at negative values of
the chemical potential µ associated with the hole transport,
and in red (square full points) the peak value of ZT associated
with the electron transport (positive µ).
V. SILICON-GERMANIUM
HETERO-STRUCTURES
We have shown that the Si and Ge nano-ribbons can
have a substantial figure of merit, which is slightly above
1. On the other hand, we would like to explore the pos-
sibility of improving on this result by nano-structuring
these nano-ribbons. Since Si and Ge nano-ribbons do
share similar electronic properties, our first attempt is to
investigate a nano-ribbon created by alternating stripes
of Si and Ge in the direction of the growth of the nano-
ribbon. Hopefully, their different masses would create
a trap for the phonon modes thus reducing the ther-
mal conductance of the device and improving the over-
all figure of merit ZT . We will show in the following
sub-section that this idea is working partially and we do
have a modest increasing of ZT . This is a limitation of
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FIG. 9. (Color online) Phonon thermal conductance κp of (a)
Z-SiNRs and (b) A-SiNRs as a function of temperature, re-
spectively, where each curve corresponds to a specified ribbon
width as shown in Fig. 6.
our quantum method of calculating the thermal conduc-
tance, since we are limited in the size of the supercell we
can consider for our calculations. Indeed, the low energy
phonons responsible primarily for the thermal transport
have a wavelength that spans many supercells thus mak-
ing the chemical modulation ineffective as a phonon trap.
To improve on this result, we have therefore investigated
the case where we randomly substituted some Si atoms
with Ge in the nano-ribbon crystal. After fully relaxing
the structure, we have however observed that also this
nano-ribbon with randomly distributed Si and Ge atoms
does not work too much as a phonon trap, for essentially
the same reason of the perfect modulation: the Si and
Ge randomly distributed supercell is not large enough to
confine the low energy phonon modes. We checked this
observation by using a tight-binding approximation to
calculate the phonon spectrum. This allows us to reach
larger a supercell and thus show that the phonon thermal
conductance decreases due to the phonon confinement in
WA
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FIG. 10. (Color online) Figure of merit ZT at room tempera-
ture for (a) Z-SiNRs and (b) A-SiNRs as a function of ribbon
width WZ and WA, where the black square hollow points and
the red square full points correspond to the hole and electron
transport, respectively.
these random structures.
A. Thermoelectric properties of the
silicene-germanene nano-ribbons
In this section, we investigate the thermoelectric prop-
erties of orderly-distributed hetero-structured silicene-
germanene nano-ribbons (SiGeNRs). After forming the
structure, we have relaxed the atomic positions, without
taking into account any substrate. Figure 11 shows the
optimized geometrical structures of zigzag- and armchair-
edged SiGeNRs (Z-SiGeNRs and A-SiGeNRs) passivated
by hydrogen atoms, where the line encloses a supercell
along the ribbon axis. LSi and LGe are the length of
silicene and germanene stripes in the supercell, respec-
tively.
We begin with the case LSi = LGe = 1. In Figs. 12
(a) and (b) we report the transmission coefficient as a
function of electron energy for different width of the Z-
10
FIG. 11. (Color online) Geometrical structures of (a) Z-
SiGeNRs and (b) A-SiGeNRs, where the line encloses a super-
cell along the ribbon axis and LSi and LGe are the lengths of
silicene and germanene stripes in the supercell, respectively.
Here we have chosen LSi = LGe = 3 and used the hydrogen
to passivate the ribbon edges.
SiGeNRs and A-SiGeNRs, respectively. It can be seen
that the transmission probability exhibits characteristic
quantized steps and a band gap is shown around the
Fermi energy. Increasing the ribbon width, the band
gap for Z-SiGeNRs shows an oscillatory behaviour of de-
creasing amplitude from WZ = 4 to 7 (see Fig. 12 (c)),
while the gap for A-SiGeNRs shows a strongly oscillatory
behaviour as shown in Fig. 12 (d). When the ribbon
width WA satisfies 3p either 3p+ 1, a larger gap appears
than that of the nano-ribbons with width 3p + 2. This
width dependence of the band gap is similar to that of
the A-GeNRs and A-SiNRs as we have discussed in sec-
tion IV. Starting from this transmission function we can
now easily evaluate the Eq. 2-4 to obtain the transport
coefficients. In Figs. 12 (e) and (f) we plot the electrical
conductance as a function of the chemical potential µ in
the linear response. It is found that the electric conduc-
tance for Z-SiGeNRs exhibits a peak and a dip around
µ = 0. As for the A-SiGeNRs, we show that the electri-
cal conductance is zero for the nano-ribbon with width
WA = 3p, 3p + 1 due to the presence of the larger band
gap, while the conductance for the ribbon with width
WA = 3p + 2 has a dip at µ = 0 where the conductance
assumes a finite value. In Figs. 12 (g) and (h), the See-
beck coefficient versus chemical potential is depicted. It
is found that in the Seebeck coefficient, around µ = 0 two
peaks appear for both Z-SiGeNRs and A-SiGeNRs with
widthWA = 3p, 3p+1. The absolute value of the peak for
A-SiGeNRs is 1.4 mV/K, which is quite larger than the
value of the Z-SiGeNRs, indicating a quite high thermo-
electric effect in this armchair-edged nano-ribbons. On
the other hand, for the armchair nano-ribbons with width
3p+2, the Seebeck coefficient is very small due to the very
small gap present in these systems. In Figs. 12 (i) and (j)
the total thermal conductance κe +κp including electron
and phonon contributions is plotted. It can be seen that
κ = κe+κp for Z-SiGeNRs exhibits a peak, while for the
A-SiGeNRs with widths 3p and 3p + 1, it has a plateau
in the energy region around µ = 0, mostly due to the
phonon thermal transport. As for the nano-ribbon with
width 3p + 2, the thermal conductance reaches a local
maximum on account of a local maximum of the electron
heat contribution at µ = 0.
Figures 13 (a) and (b) show the phonon thermal con-
ductance κp for both Z-SiGeNRs and A-SiGeNRs as a
function of temperature for different nano-ribbon widths,
respectively. It can be seen that the phonon thermal con-
ductance κp increases gradually with increasing the tem-
perature and finally reaches a plateau at T > 400 K. This
value is compatible with the value reported in the classi-
cal thermal transport theory. By comparing Fig. 13 with
Figs. 7 and 9, we find that the thermal conductance of
SiGeNRs is between the value of GeNRs and SiNRs, i.e.,
the thermal conductance of SiGeNRs is larger than that
of GeNRs, while smaller than that of SiNRs. Similar to
the case of GeNRs or SiNRs, at low temperature region,
the linear dependence of the thermal conductance on the
temperature is still observed, in agreement with Eq. (10).
In Figs. 14 (a) and (b), we report the figure of merit
ZT of both Z-SiGeNRs and A-SiGeNRs as a function of
ribbon widths WZ and WA, respectively. It is found that
maximum value of the figure of merit for Z-SiGeNRs ap-
pears in the narrowest nano-ribbon, which is about 0.59
corresponding to the hole transport. While for the elec-
tron transport, the corresponding ZT is about 0.38. As
to the armchair-edged nano-ribbon with width WA = 3,
the ZT is found to be 1.46 for both the hole and elec-
tron transport (see Fig. 14 (b)). With the increase of
the ribbon width, the figure of merit shows an oscilla-
tory behavior reminiscent of the different properties of
the nano-ribbons with different widths. The amplitude
of the oscillation however decreases quite rapidly with
increasing the ribbon width. This is mostly due to the
rapid increasing of the phonon thermal conductance with
WA. In particular, the ZT is very small in the case of
nano-ribbon with width 3p+ 2 due to the small Seebeck
coefficient as shown in Fig. 12 (h).
B. Component modulation of the thermoelectrics
in the silicene-germanene nanoribbons
In Fig. 15, we investigate the thermoelectric proper-
ties of SiGeNRs by modulating the component lengths
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FIG. 12. (Color online) (a) and (b) Electron transmission coefficient as a function of energy for Z-SiGeNRs and A-SiGeNRs,
respectively. (c) and (d) Band gap as a function of ribbon width WZ and WA, respectively. (e) and (f) Electrical conductance,
(g) and (h) Seebeck coefficient, (i) and (j) electron and phonon thermal conductances as a function of chemical potential µ for
Z-SiGeNRs and A-SiGeNRs, respectively, where we have set the temperature T=300 K. Each curve in (a,b,e-j) corresponding
to a specified ribbon width endows the same meaning as in Fig. 6.
of silicene and germanene stripes in the supercell. In
the following, the total length of the supercell is given
by LS = LGe + LSi. Figures 15 (a) and (b), (c) and
(d), (e) and (f) show the figure of merit ZT at room
temperature for Z-SiGeNRs and A-SiGeNRs as a func-
tion of ribbon width for LSi = LGe = 2, 3 and 4, re-
spectively. It is found that the maximum ZT for hole
and electron transport in the case of the Z-SiGeNRs is
0.85 and 0.42 for LSi = LGe = 2, 0.87 and 0.53 for
LSi = LGe = 3, and 1.06 and 0.54 for LSi = LGe = 4,
respectively. For armchair nano-ribbons, the maximum
of ZT for LSi = LGe = 2 is about 1.93, while the maxi-
mum ZT for LSi = LGe = 3 or 4 is about 2.18 and 2.06,
respectively. With the increase of the ribbon width, the
overall figure of merit decreases for both Z-SiGeNRs and
A-SiGeNRs with width WA = 3p and 3p + 1. As to the
nano-ribbon with width 3p+2, the figure of merit is quite
small compared to the ribbons with width 3p or 3p + 1.
We found that the Seebeck coefficient for nano-ribbon
with width 3p + 2 is very small due to the small band
gap, in agreement with our analysis of the system with
LSi = LGe = 1. Figures 15 (g) and (h) show the figure of
merit as a function of temperature for Z-SiGeNRs with
width WZ = 3, 4 and A-SiGeNRs with width WA = 3, 4,
respectively. It can be seen that the figure of merit in-
creases and then decreases with increasing the temper-
ature. The maximum ZT for Z-SiGeNRs is about 1.05
at T ≈ 200 K, and the maximum ZT for A-SiGeNRs is
about 3.91 at T ≈ 1000 K.
We wish to point out that the ZT of these systems is
larger than that for the pure A-GeNRs or A-SiNRs. This
means that nano-structuring can improve the overall en-
ergy conversion efficiency. On the other hand, the mod-
est increase in ZT for these nano-ribbons shows how this
nano-structuring is not effective in blocking the phonon
modes. We should reach larger LSi and LGe, in order
to achieve an efficient trapping of the low energy phonon
modes, as we will discuss briefly at the end of next sub
section.
C. Disorder effect on the thermoelectrics of
silicene-germanene nano-ribbons
In the above discussions, the Si and Ge atoms in the
nano-ribbons are orderly distributed along the growth di-
rection. Here we consider the case in which Si and Ge
atoms randomly occupy with equal probability the sites
of the lattice in Fig. 11. The length of the supercell is
LS = 6 and the number of Si and Ge atoms in the super-
cell are taken the same. Since the armchair nano-ribbons
show the most promising values of the figure of merit, in
Figs. 16 (a) and (b) we report the figure of merit ZT
as a function of the chemical potential µ for disordered
A-SiGeNRs with the ribbon width WA = 3 and 4, respec-
tively. As a comparison, we have also plotted the figure of
merit for A-GeNRs, A-SiGRs and A-SiGeNRs. It can be
seen that the maximum figure of merit for disordered A-
SiGeNRs and ordered A-SiGeNRs is nearly twice of the
value of clean A-GeNRs and A-SiGRs. The maximum
ZT for disordered and ordered A-SiGeNRs with width
WA = 3 is about 2 for both electron and hole trans-
port corresponding to the positive and negative chem-
ical potential, while the maximum ZT for the ribbon
width WA = 4 is 2.18 and 2.56 for electron and 1.5
and 1.8 for hole transport, respectively. The principal
reason of the enhanced thermoelectric efficiency comes
from the reduced phonon thermal conductance, since the
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FIG. 13. (Color online) Phonon thermal conductance κp of (a)
Z-SiGeNRs and (b) A-SiGeNRs as a function of temperature,
respectively, where each curve corresponding to a specified
ribbon width shares the same meaning as shown in Fig. 6.
electronic properties are slightly affected by the random-
ness of the atomic positions. Again, due to the small
size of the supercell we can consider with ab-initio tech-
niques, phonon confinement is not efficient, and there-
fore the thermal conductance of disordered and ordered
A-SiGeNRs is only slightly reduced with respect to the
clean Si and Ge system as shown in comparing Figs. 15
and 16. For the same reason, the thermal conductance of
the random structure is similar to the one of the silicene-
germanene hetero-structures as expected.
To present a proof that a large supercell can effec-
tively further reduce the phonon thermal conductance in
the SiGe hetero-structures, we use a semi-classical tight-
binding method to investigate the lattice thermal trans-
port properties. To obtain the atomic force constant of
the system, the Keating potential is used,49–51 which is
1.5
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FIG. 14. (Color online) Figure of merit ZT at room temper-
ature for (a) Z-SiGeNRs and (b) A-SiGeNRs as a function
of nano-ribbon with width WZ and WA, where the hollow
and full points correspond to the hole and electron transport,
respectively.
given by
U =
1
2
kr
∑
i,j
(
R2i,j − r2i,j
)2
+
1
2
kθ
∑
i,j,k 6=j
(Ri,j ·Ri,k − ri,j · ri,k)2 , (11)
where Ri,j and Ri,k are the equilibrium position vec-
tors connecting atom i with j and k, ri,j and ri,k are the
corresponding position vectors after deformation, respec-
tively. The bond stretching and bending force parame-
ters kr and kθ for silicene in Eq. (11) are 7.2186×1020
N/m3 and 1.5225×1020 N/m3. These constants can be
obtained from the force constants of graphene.51,52 In our
case we have used
kr =
2α
d
, kθ =
β
d
(12)
where α = 81 N/m2 and β = 34 N/m2 for silicene51,52
and d is the equilibrium distance of the Si atoms in the
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FIG. 16. (Color online) Figure of merit ZT at T=300 K for
A-GeNRs, A-SiNRs, A-SiGeNRs and disordered A-SiGeNRs
with ribbon width (a) WA = 3 and (b) WA = 4 as a function
of chemical potential µ, where we have taken the supercell
length LS = LGe + LSi = 6, respectively.
silicene structure, that we have calculated as d = 2.244
A˚. We have then fine tuned the values of kr and kθ to im-
prove the agreement between the phonon spectrum (not
shown) calculated via ab-initio and the one calculated
within the tight-binding approximation. For the parame-
ters of germanene, we roughly estimate kr = 5.3469×1020
N/m3 and kθ = 1.2516 × 1020 N/m3 through compar-
ing the force constant ratio of this 2D system with the
bulk silicon and germanium crystals.49 We have again
fine tuned these values to improve the agreement between
the ab-initio and tight-binding phonon spectra. For the
force parameters between Si and Ge atoms in the hy-
brid structures, we take their average value. As to the
Si-H and Ge-H interactions, we take ten percent of the
corresponding Si-Si and Ge-Ge interactions, accordingly.
Based on this Keating model and combined with the non-
equilibrium Green’s function technique, we can calculate
the phonon transmission probability and thus the ther-
mal transport properties (see details in Ref. 15). Figures
17 (a) and (b) show the phonon thermal conductance
calculated from tight-binding (gray lines) for A-GeNRs,
A-SiNRs, A-SiGeNRs and disordered A-SiGeNRs, where
the ribbon width WA = 3. To check how reliable is the
tight-binding calculations, we report together the ther-
mal conductance calculated from ab-initio (color lines in
Fig. 17(a)). It can be seen that the thermal conductance
obtained from tight-binding and ab-initio are quite close,
especially in the low temperature region. In addition, it
is found that the phonon thermal conductance in the case
of A-SiGeNRs and disordered A-SiGeNRs is drastically
decreased compared to the pure A-SiNRs and A-GeNRs.
With further increasing the length of the supercell, the
phonon thermal conductance is decreasing as shown in
Fig. 17(b).
In Fig. 18, the phonon thermal conductance at T=300
K for both A-SiGeNRs and disordered A-SiGeNRs as a
function of supercell length LS is investigated, where LS
is defined as the sum of the length of silicene and ger-
manene stripes. It can be seen that the phonon ther-
mal conductance decreases with increasing the length of
the supercell, and the κp for both A-SiGeNRs and disor-
dered A-SiGeNRs are close to each other. This indicates
that the larger supercell in the silicene-germanene hetero-
structures can effectively constrain the phonon trans-
port and that the disordered heterostructure becomes
more efficient in confining phonons only at large unit cell
lengths. Through checking the transmission probability
(not shown), it is found that the weight of the transmis-
sion probability is gradually moved to the low frequency
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FIG. 17. (Color online) Phonon thermal conductance of var-
ious armchair nano-ribbons with the ribbon width WA = 3,
where the supercell length LS for A-SiGeNRs and disordered
A-SiGeNRs is (a) LS = 6 and (b) LS = 20, respectively. The
curves in color are calculated from ab-initio and the other
curves in gray are calculated from tight-binding. The differ-
ent curves share the same meaning as those in Fig. 16.
region thus decreasing the total energy flow.
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FIG. 18. Phonon thermal conductance κp at T=300 K cal-
culated from tight-binding as a function of supercell length
LS corresponding to the ribbon width (a) WA = 3 and (b)
WA = 4, respectively.
VI. CONCLUSIONS
In summary, we have performed first-principle calcu-
lations of the thermoelectric coefficients of both two-
dimensional silicene and germanene as well as for Si
and Ge nano-ribbons. We have also considered hetero-
structures of Si and Ge stripes to form a nano-ribbon, in
the attempt to quench the phonon dynamics and thus in-
creasing the figure of merit. These systems can be good
thermoelectric materials if they can be reliably produced.
Also, being based on Si and Ge, we expect these devices
to be easily interfaced with the modern electronic sys-
tems, a distinct advantage with respect to other materi-
als which have shown poor integrability with the actual
technology.
The figure of merit for thermoelectric energy conver-
sion of Si and Ge low dimensional systems is quite high,
in the range 1 to 2 at room temperature, considering that
we have investigated pristine systems where phonons are
not confined. For the silicene and germanene systems we
have considered both distorted silicene/germanene grown
on a silver surface and free-standing silicene/germanene.
In these cases we have found the highest figure of merit
is about 0.81 for the distorted silicene. It is important to
point out that Si/Ge nano-sheets grown on a Ag surface
show different electrical properties according to the lat-
tice matching: we have considered a 3×3 Si lattice on a
4×4 Ag substrate since this induces no stress at the su-
percell edges and when the Ag substrate is removed, the
distorted silicene has a finite band gap. It is indeed clear
from our calculations that in order to increase the fig-
ure of merit, we need to have a small gap semiconductor
since this maximizes the Seebeck coefficient.
Our attempts to quench the phonon dynamics have
been hindered by the small scale of the supercell we can
calculate with our ab-initio techniques. We could in prin-
ciple go beyond these limitations by using other classical
tools like, e.g., molecular dynamics. However, especially
for the nano-ribbons, in our tests (not reported here)
these tools have proven unable to recover the quantum
of thermal conductance at small temperatures. We have
therefore chosen to test the phonon confinement with
semi-empirical techniques, e.g., a tight-binding calcula-
tion of the phonon thermal transport for large supercell.
We report that the thermal conductance is effectively re-
duced by about 50% in going from a supercell made of 6
units to a supercell made of 20 units.
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